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SUM/IARY 

O bjec t. ~ To determine the possibility of attaining or 
approaciiirig critical-altitude po?/er at altitudes considerably 
higher, than the critical as limited by the supercharger by 
the use of oxygen in conjunction with internal coolants. 

Scope. - Full-ocale single-cylinder tests tv'ere made to 
determine: (l) the knock-limited or temperatiore-limited power 
attainable by the use ol' oxygen both with and mthout internal 
coolants} and (.2) the relative values of four internal coolants; 
amfflonlym hydroxide, methyl alcohol, a mixture of 70 percent 
n.ethyl alpchol and JO percent water, and a mixture of 80 percent 
ethyl alcohol and 20 percent vfater. 

Sammary of results, - 



1. Data obtained in full— scale single-cylinder-engine tests 
indicate that it n&/ be possible to attain critical-altitude 
power at altitudes at least 10,000 feet higher than the critical 
altitude as limited by the engine supercharger. 

2. Although some differences were apparent in the effec- 
tiveness of the four internal coolants, the differences were 
not, important. In the application to ffiulticylinder engines 
the choice of coolant will probably be determined by a practical 
consideration, such as availability. 

5. Temperature limitations to the use of oxygen were over- 
come by the use of high fusl-air ratios in conjunction with 
internal coo 1 a n ts . 
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Concl usi on, - The use of oxygen in conjtmction vrith a 
suitable internal coolant af forda a means of obtaining* oper- 
ation for short ;;^)eriod3 of time at or near critical-altitude 
po^^^'er and at alt.itudes consideraD3-.y Mgher than the crj..tical 
altitude as liaited by the supercharger . 



IfTTRQDTTCTXOlJ 

The problem of attaining high power outputs at altitude 
has been clii.sriy related to engine-^sirpercharger performance 
although instances have been rep :-rted of attempts to super- 
ch.arge the engine by addition of oxygen to the nontial intake 
a-',r. 

The idea of carrying a sufficient supply of ojcjgen for 
a relatxvely short burst of high power, when an aircraft is 
being operated at altitades above the critical altitude, at 
first appears to offer very interesting possibilities for com- 
bat. . I)i3advanta:.:es that niust be overcome are, ho'/irever, 
inherent in Vcie procedure. The use of an i.atake gas very 
rich in o^cygen leads to high co-.ibustion-gas temperatures vvith 
consequent ovorheat".i.ng and tendency to preignite or knock. 
This teiideucy can be partly overcoiae by drastic increase of 
the f uel-oxj/gen ratio. The response to this enrichment is 
li.mited an] some means must be employed to increase the inter- 
nal cooling if any imp;.>rtant increases in power are to be 
obtained. dater i.?ith or without a freezing-point depressant 
provides such an internal coolant. 

The use of water, and vatsr-alcohol mixtures introduced 
ivith the intalre air as knock inhibitors and as internal coolants 
is not new. It i«as mentioned in a speec'n by Ford L. Prescott 
before the SAE International Airtomotivc Engineering Congress 
in Chicago in 1953* (See also references 1 to U.) As far 
as is knovfa* hc^s-ever, the corubination of oxf,";en boosting and 
internal cooling has not heretofore been attempted. The 
series of tests described in this report was laid out to deter- 
mine the aiiplicability of the internal-cooling principle in 
Conjunction with oxygen boosting at low manifold pressures. 
The program for these tests -was designed (l) to cleter^una the 
effect on engine operation of increasing the oxj^-gen content 
of the intake air and of adding internal coolant, and (2) to 
deterrrLine whether tlie engine poi/er could be svifficxently 
increased by oxygen addition to make the .method of interest to 
the military services. The tests 'vfere conducted during the 
fall of 19h2 at the Langley Memorial .Aeronautical Laboratory, 
LangLey Field, Ya. . 
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APPAEiiTUS AND TEST IffiTHODS 



The tests were carried out with a Wight 1820 G20D (G9GG) 
cylinder mounted on a CUE crankcase. This cylinder has a 



consisted of a pressure tank for the coolant, a calibrated 
rotameter, and a spray nczzle with self-contained needle valve ■ 
The coclant isas sprayed downstreafii into the intake pipe and 
the spray was continuous rather than timed with the engine 
intake stroke* 

Oxygen supplied from a battery of six coiranercial 
200-Gubic-foot cylinders. In order to reduce the oxygen pres- 
sure to about 1^0 pounds per square inch gage, the high-pressure 
gas VIB.G first sent through a coramereial reducing valve such as 
is used with welding outfits. The oxygen vjas then sent through 
an accurate presstxre-regulating valve, which tjes controlled by 
air loading fran a. reducinr^ valve on the engine- control bench, 
Fran the regulating valve the oxygen passed through a 
measuring orifice, then through a hand-operated throttle valve 
to the intake system of the engine. The inlet air vra.s suffi- 
ciently heated that, after the coli oxygen was adrfdtted, 
the final temperature of the gas mixture -v/as 2^0'^ F» The 
oxygen vvas admitted through a diffuser to the intake system 
upstream from the thermometer that measured the temperature of 
the intake air. 

Engine conditions were as follows : 

Engine speed, rpm . . , . . . , 2000 and 2500 

Com.pression ratio.... 7.0 

Inlet-air temperature (after introduction of 

oxygen but before introduction of fuel or 

coolant), °F . , . . , 2<0 

Spark advance (both plugs), degrees B.T.G 20 

Cooling -air pressure drop across cowling, 

inches of vjater ■ . ..... . . , ■ . ■ , . ■ 10 and 20 

Cooling -air inlet temperature, °F . , . . . , , 110 and 125 

3-2 reference fuelyiBs used for the preliminary tests at 
2000 rpm, and standard Army 100-octane aviation gasoline, 
obtained in one lot from the Army supply at Langley Field, was 
used for the other tests. 

The coolants used were commercial ammoniujn hydroxide (MH]^0H) 
having a specific gravxtj of about 0.90, technical methyl alcohol 
(CH7,DH), a mixture of 70 percent corarfiercial methyl, alcohol and 




The internal-coolant system 
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30 percent v^ater, and a mixture of 80 percent ethyl alechol 



Water was not, used alone in the present tests because pre- 
liminary tests on a CJE engine had indicated that -water alone 
yias not so effective as the other coolants. Other unpub- 
lished N/CA results have inuicated that the rich-mixture 
response with water is poorer than mth any of the other 
coolants used. 

Knock vfas determined by means of an oscillograph with a 
Stancal detonation pick-up unit in the engine. Temperatures 
were measured by iron- constantan thermocouples and a potenti- 
ometer, Ciiampion C3US spark plugs were used. 

Because of the unusual nature of the tests arid because 
cf the difficulty cf making accurate determinations of the 
point of lif^ht or incipient, knock when oxygen was being added 
tc the intalce air, it v^as necessary that the operators be 
experienced and that they exercise good judgment in determining 
the actual knock points. It was found, however, that each of 
the two crews running the tests cculd check data obtained by 
the other with very accef. table accuracy] it is believed, there- 
fore, that the data presented are sound. 

Tests irere rcade for surface ignition by mDmentarily cutting 
the ignition switch. The maximum permissible engine perfcrmance 
was lirrdted either by knock, by afterfiring, or by a barrel 
temperature of 32^° F, measured at the middle of the rear of 
the barrel. 

Two means were errployed to vary the oxygen intake to the 
engine: (l) constant oxygen percentage and varying manifold 
pressure, and (2) constant manifold pressure and varying oxygen 
percentage. For both methods, the limits were determined over 
the usable range of fuel-air ratio or fuel-oxygen ratio. For 
the first tests, the proportion of oxygen in the intake air was 
held coristant for each curve and the knock or temperature limit 
Tv-as attained by varying the manifold pressure. Coolant was 
added in ths proporticn of ^0 percent of the fuel weight. 
Holding a constfjit percentagG ef oxygen in the intake air 
involved resetting the oxygen flow each time the intake air 
pressure (and, hence, the air flow) i,>?as changed hut, in view 
of the fact that, the data were more conventional and thus more 
easily interpreted in that form, it w^as believed vrorth while 
to obtain at least one set of data in that manner. 

The manifold pressure was then held constant and oxygen 
was added. Such a procedure was very satisfactory both for 
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the comparison of coolants and for the determination of the 
effects of varying amounts of coolant. The method had the ' 
advantaj^e of simT^lieity , Two sets of tests using this 
method '"ere run. One set w3.s conducted to determine iThether 
critical -altitude pov'fer could be rriaintained by keeping the 
rate of induction of the total gaseous oxygen constant irre- 
spective of the total gas that entered th^ cylinder. Tests 
were run with normal air at an inlet pressure of hh inches of 
mercury absolute and at an inlet pressure of 26.^ inches of 
mercury absolate. The mass rate of oxygen flov/ vfaa maintained 
at the same value for both pressures. Coolant w5.s added to 
prevent knock or ternperature limitations, and the data '/ere 
not limited except at the lean end of the range of fuel-air 
ratio. The other set of tests in which tho manifold pressure 
was held constant •.fay conductf^d to compare the effectiveness 
of the different coolants and to determine how f»;reat an addi- 
tion of cool ant coyld be used to advantage. These tests 
were knock-limitod or temp---ratur'^-Li::iit3d throughout the ranze 
of fuel-oxygen ratio. The procedure ■.vas to' set the manifold 
pressure at a predetermined value, to set the fuel floT? at 
s^^'Hie value that voulvi give a lean mij':ture, an-i then to add 
o'xjgen until knock or temperat-are limitation ,:a3 encountered. 
!'he fuel flow; was then increa:.ed and more oxygen ^ac added 
until the knock or tenip---:ratare limit -was arrain reached, and 
so on. 

In addition to the pov/er tests, a short series of tests 
was conduct^ed to determine the amount of extra coolant that 
could be tolerated when coolant was added vvitjiout increasing 
the oxygen intake. These tests v^ere carried out by determining 
the amount of coolant re-juired to cause a 10-percent drop in 
engine power when no additional oxygen was added. 

Results of the preliminary tests at 2000 rpm are plotted 
on the basis of -'equivalent fuel-air ratio," that is, the fuel- 
air ratio computed by dividing the fuel mizlit by the air v.-eight 
that would liave had to be inducted to furnish all the gaseous 
oxygen inducted. Such a method, though somewhat unusuai, has 
the advantage of puttmc; the data in a form that is more com- 
m.only used. 

Results .of the tests at Z'^OO rpm are plotted on the basis 
of fuel-oxygen ratio, in -jihi ch the fuel >«i&ht is divided by 
the weight of oxygen indue t'^d. In no case was the coolant 
considered in compufcir-g the fuel-air or fuel-oxygen ratio, 

although combustible material was present in all the coolants 
used. 
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Engine porfcr was absorbed by an eleetrie dynamometer. 
The ratio of coolant to fuel or coolant to oxygen was set by 
a calibrated rotameter. Fuel consumption was measured by a 
burette J a stopv/atch, and a rsYolution counter. 

EXPERIMENTAL RESULTS 

Tests at Constant Oxygen Percentages 

Results of the first tests vrith S-2 fuel at 2030 rpm are 
snovra in figure 1, The internal coolant v/as ammonium hydrox:! de 
added in the proportion of ^'0 percent Df the fuel weight. 
Because of the difficulty of keening the oxygen flow adjusted 
to the correct percentage of the total gas flow during these 
tests, scatter of the pints occurred but the trends and 
general relationships of the curves are umrdstakable , 

The addition of ammonium hydroxide in the amount of ^0 per- 
cent of the fuel inducted raised the permissible indicated mean 
effective pressure at a fuel-air ratio of 0.10 from 19k pounds 
per square inch ifri. thout coolant t o 276 pounds per square inch 
¥/ith coolant ana Tdth normal air supercharging (23.2 percent 
oxygen oy weight) . Subsequent progressive enrichment of the 
air by increasing tie oxjgen content resulted in progressive 
decrease in the maximum perrrdssitale power, as shown by the 
family of curves until ^ T;itli a total oxygen concentration of 
33.6 percent, the penrissible power v-shen using ammonium hydroxide 
was lower at a fuel-air ratio of 0.10 than the permissible 
power with no coolant aid ¥'.dth normal air supercharging. The 
important feature of the data as shown is the rather considerable 
increase in povrer for any one manifold Dressure as the oxygen 
concentration is increased. At a manifold pressure of JO inches 
of mercury absolute, for instance, the nonrnal air boost gave an 
indicated mean effective pressure of about ll+U pounds per square 
inch (point." A). ffith ammonium hydrcxide aid with the oxygen 
concentration increased to 38.6 percent, the indicated mean 
effective pressure at a manifold pressure of 3O inchss of mer- 
cury absolute was increased to about 208 pounds per square inch 
(points B}, Intermediate oxygen concentrations increased the 
power approximately in proportion to these values. 

Tentative performance estimates can be made from the data 
sho^m in figure 1 in conjunction with figure 2, which shows the 
indicated soecific additive oxygen consumption. Examination 
of figure i sho?;s that the engine was developing an indicated 
mean effective pressure of about 212 pounds per square inch at 
a manifold pressure of inches of mercury sbsolute (points C), 



4 



NACA ACR No. 'EUD29 



7 



Then, with tine oxygen content of the air increased to 38.6 per- 
cent, the engine developed an indicated mean effective pressure 
of about. 2G8 pounds per square inch at a manifold pressure of 
30 inches of mercury absolute (points B). The indicated spe- 
cific fuel consumption mth the oxygen boost was 0.81 pound per 
horsepower-hour, which corresponds to an indicated specific 
ammoRium hydroxide consumption of about 0,14.1 pound per horsepower- 
hourj the indicated specific additive cxygen eonsiamption (fig. 2, 
point B) was about 0.78 pound per horsepower- hour; the total 
fluid per indicated horsepower-hour of material in addition to 
fuel therefore amounted to 1.19 pounds. This value represents 
thr additional weight, exclusive of fuel, required to maintain 
the power normally attainable at a. inanifold pressure of U$ inches 
of iriercury absolute y^hen caily JO inches can be maintained by the 
supercharger . 

The horsepo-'.'fer corresponding to point Bis IO6, or 9$h indi- 
cated horsepower, for the nine- cylinder engine. At the rate of 
1.19 pounds per horsepower- hour, a lO-minute spurt at this power 
would require 189 pounds of oxygen and interrial coolant in addi- 
tion to the fuel. 



Tests for Maintenance 01 Critical-^ Altitude Power 

The data shown in figures 3 and Ij. were obtained during tests 
conducted to deternine whether critical-altitude power could be 
maintained by keeping the rate of total gaseous-oxygen induction 
constant irrespective of the total gas entering the cylindei.-. 
The characteristics of one 01 the typical Unite3 States pursuit 
airplanes were used for convenience in determining the test con- 
ditions. This particular airplane was rated at a manifold 
pressure of inches of mercury absolute at its critical alti- 
tude. At 10,000 feet higher than its critical altitude as 
limited by the supercharger, the sarae airplane could maintain 
a manifold pressure of 20.5 inches of rnercury absolute. Fig- 
ures 3 and j4 show perforoiance curves at constant manifold 
pressures 3f J^i inches of merciiry absolute (corresponding to 
the critical altitude of the airplane as limited by the super- 
charger) and 29.5 inches of merciory absolute (corresponding to 
10,000 ft higher than the critical- altitude). For these tests 
the fuel-oxygen ratio was varied from that giving knock or 
temperature limit on the lean end to that giving irregular 
operation at the rich rnd. The intake gas at the manifold 
pressure of l^i inches of mercury absolute was ordinary air and, 
at the manifold pressure of 28,5 inches of mercury absolute, 
the air was enriched vrith oxygen until the total gaseous-oxygen 
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consumption was the same as it was at a pressure of i^j. inches 
of. mercury absolute and with ordinary air; that is, cxygen 
was inducted at the same rate at both manifold pressures. 

The weight of coolant for these tests was determined by 
the amount of additive oxygen rather than by the fuel quantity. 
This prccediire would be the logical one to follow in practice 
because the amount of coolant required depends, of course, 
largely upon the amount of additive oxygen entering the cylinder. 
In thsse tests, inasmuch as the additive oxygen flow was con- 
stant, the test procedure was greatly simplified by keeping a 
constant rstio of coolant to oxygen rather than by attempting 
to vary the coclant as the fuel flow Y«'as varied. Two different 
coolants were used for these tests, namely, ammonium hydroxide 
and a mdxture of 70 percent methyl alcohol and 5O percerit water. 
Coolant was added in the prcportions of ^0^ 6$, ind 75 percent by 
weight of the oxygen flow. 

The results when amir^onium hydroxide was used as the coolant 
are plotted in figure 5. It i s seen that the engine power was 
easily maintsined by use of the oxygen and the internal coolant. 
Tne use of additive oxygen and internal coclant at a manifold 
pressure of 28.$ inches of mercury absolute actually increased 
the power slightly as compared with air at a manifold pressure 
of i4Jj. inches of mercury absolute. At the left-hand end of the 
curves the linitaticn was knock or temperature and at the right- 
hand end the Limitation was irregular running. 

With coolant-oxygen ratios of 6$ and 75 percent, the mix- 
ture could be leaned to a fuel-oxygen ratio of 0.^7 before 
knock or temperature limit was encountered. For the curve 
with a coolant-oxygen ratio of 50 percent, the mixture could 
be leaned to a fuel-oxygen ratio of about O.Ij.l5.j where engine 
operation was limited by both knock md barrel temperature. 

Figure ij. shows the engine performance when the coolant 

was a ffiixture of 70 percent methyl alcohol emd ^0 percent water. 
All curves were limited by knock at a fuel-oxygen ratio of 
about O.I1.O to 0.h$. The fact that the engine could be operated 
somewhat leaner when ammonium hydroxide was the coolant than 
was possible vAien the 7O-5O mixture of methyl alcohol and water 
was the coolant indicates that the ajrur.onium hydroxide was the 
better coolant and knock inhibitor. The relative values of 
the different coolants actually vary somewhat mth engine con- 
ditions , particularly vd.th fuel-air ratin. Unpublished NACA 
data show that^ for air-boosted operaticn, either the 7O-3O mix- 
ture of fffithyl alcohol and water cr 100 percent methyl alcohol 
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used as a coolant will allow best performance in the very rich- 
mixture region but that water and ammonium hydroxide allow 
better performance in the lean-mixture regiono 

Comparison of Different Coolants 

An investigation was next made to determine the effective- 
ness of the four internal coolants, These tests were carried 
out at constant manifold pressure. As the oxygen percentage 
in the intake gas was increased, the knocking tendency increased 
and the knock limit was reached. Increase of oxygen percent- 
age at constant manifold pressure has an effect similar to 
increase of ir.anifold pressure at constant oxygen percentage. 

Figure ^ shows the engine performance at a manifold pres- 
sure of 20 inches of mercury absolute for operation with no coolant 
and with aremonium hydroxide, methyl alcohol, a 70-30 mixture of 
methyl alcohol and ^Tater, and an 80-20 mixture of ethyl alcohol 
and water. The coolants were added in the proportion of 
100 percent of the fuel weight. The data on indicated mean 
effective pressure show a slight ads-antage in favor of ammonium 
hydroxide and the mixture of ethyl alcohol and water. The 
specific oxygen consumption and the specific liquid consumptions 
are shown in figure 6. 

In figure 7 the permissible oxygen percentages for the 

data of figure 5 are plotted against fuel-oxygen ratio for the 

runs at constant manifold pressure. The percentage of oxygen 
in the air at constant manifold pressure has somewhat th© same 

significance as the curve of maximum permissible manifold pres- 
sure at constant oxygen concentration. 

In figure 8, some of the representative engine temperatures 
are plotted against indicated mean effective pressure. In the 
interpretation of these data, it is important to keep in mind 
the fact that each point on a curve represents a different fuel- 
oxygen ratio. The curve of the temperature at the center of 
the head between the valves for air-boosttd operation illustrates 
this fact. The loop at the left-hand end of the curve is due 
to the temperature trends that occurred between extremely l^n 
operation and operation at minimum permissible indicated mean 
effective pressure. The point in figure 8 at an indicated 
mean effective pressure of about 163 pounds per square inch 
and 410*^ F is the temperature corresponding to the leanest 
point on the perf orniance curve. From this point of extremely 
lean operation the permissible indicated mean effective pres- 
sure then decreased as the mixture was enriched; the temperature 
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gradually increased, As the point of minimum pemissibls 
indicated mean effective pressure was passed, the temperature 
continued to riso for a short tine as the povnr increased; 
then, with further increase in indicated mean effective pres- 
sure, the temperature decreased because of the enrichment of 
the fuel-oxygen mixture. Near the end of the curve the 
temperature dropped rapidly and the povrer started to peak 
because of the extreme enrichment. The curve of indicated 
mean effective pressure against fuel- air ratio corresponding 
to the data of figure 3 is shown in figure 5« 

The temperatures wxth coolant and oxygen show very steep 

rates of decrease as the mixture is enriched; at the high 
pofter outputs that are permitted by rich mixtures, therefore, 
the engine temperatures are low. Some ox the recorded tem- 
peratures cf the center of the head between the valves, for 
example, rere below the boiling ooint cf m.ter. It must be 
noted, hovfever, that the head temperatures at the lower per- 
missible po 'er levels (thst is, at the leaner mixtures) are, 
in general, decidedly higher than it normal air boosting. 

Figures 9 to 12 show the engine performance when the mani- 
fcld pressure was raised to 30 inches of mercury absolute ftith 
the same coolants as for figures $ to 3. The mixture of ethyl 
alcohol and 'water apparently permitted higher indicated mean 
effective pressure than did the other coolants, as is shown in 
figure 9. The ethyl-alcohol data were taken with a new cylinder 
on the engine, and it is believed that the higher performance 
permitted by the ethyl alcohol should therefore be discounted. 
In any case, the differences shovm are not large enough to be 
important . 

The same general trends are to be seen in figures 9 to 12 
as were observed in figures $ to 8 if/ith the exception that the 
permissible percentage of oxygen in the air ms decidedly lower 
than at a manifcld pressure of 20 inches of mercury absolute. 



Effect of Different fercentages of Coolant 

Follovdng the tests with different coolants, a series of 
tests was made in 7/hich the amount of coolant was equal to <0, 
100, and 1^0 percent of the fuel flow. The mixture of 70 per- 
cent m^ethyl alcohol and yj percent v;ater .as selected as prob- 
ably being of most interest because of its availability in 
qij.antity. lanifold pressure was 20 Inches of mercury absolute. 
The indi.cated mean effective pressures and the fuel consumptions 
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are plottsd in figure I5, and figure llj. shows the specific 
liquid consumptions and the specific total OTqfgen consumptions. 
Engine performance at a coolant flow of 1^0 percent was some- 
what unsteady and it was therefore concluded that the proportion 
of 103-percent coolant to fuel probably should not be exceeded. 

Temperature trends and the percentage of oxygen permitted 
in the intake air are shown in figures l'^ and 16. These curves 
are similar to previous figures. 

Ylhen oxygen is added to the intake air, the air consumption 
of the engine (measured prior to introduction of oxygen) is, of 
course, reduced. Specific air consumptions for the tests iArith 
varying percentages of internal coolant are given in figure 17. 
It should be kept i n mind that increasing the percentage of 
internal coolant increases the permissible oxygen addition. 
Enriching the fuel- gas mixture also increases the permissible 
oxygen addition. Uf these two facts are borne in mind, the 
trends shown in figure 17 are more easily understood. For 
convenietlcfe, some of the percentages 'of oxygen in the inlet air 
are noted on the curves of figure 17. At. the highest outputs, 
where the concentration of oxygen in the air vas approximately 
70 percent (fig. 1^), the speciric air consumption vias as low 
as 1 pound per indicated horsepower-hoiir* 



Combustibility Limitations 

The design of apparatus for inducting oxygen, coolant, and 
an increased quantity of fuel into the engine will necessarily 
require that all three materials start flovving into the induction 
system at nearly the same time. If oxygen starts flowing before 
the coolant starts, severe knock may result. Qi the othc-r hand, 
there ma^^ be some question as to the effect on the engine oper- 
ation if the coolant and additional fuel start flowing before 
the oxygen starts. lith this question in mind, a brief series 
of tests -flas carried out to see how much coolant could be added 
at various fuel-oxygen ratios without causing the engine to 
lose power excessively, a oovfer loss of 10 percent ',yas arbi- 
trarily selected as the maximum that could be tolerated for a 
few seconds of operation. In figure I8 the coolant- fuel ratio 
necessary to cause a power loss of 10 percent is plotted against 
fuel-oigrgen ratio. Data are shD-.m for ammonium hydroxide and 
for the 70-30 mixture of methyl alcohol and *?at8r at manifold 
pressures of 35 and '^O inches of mercury absolute. It is seen 
that a very considerable addition of coolant can be tolerated 
at the lean mixtures but that the allov/able amount of coolant 
decreases as the mixture is enriched. At the richest mixtures 
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the allowable amount approaches zero. This effect occurs, 
hoT;?ever, in a region already bordering upon unsteady oper- 
ation. Differences in the amounts of coolant that could 
bo tolerated at different manifold pressures are probably 
of small significance, but it does appear that the methyl 
alcohol had less choking effect on the engine than did the 
ammonium hydroxide at either manifold pressure. 



DISCUSSION 

The data presented herein show that it i s possible to 
obtain very considerable increases in engine poTfer at rela- 
tively lofirmanifold pressures by the use of oxygen boost in 
conjunction with an internal coolant. Details of the appli- 
cation are dependent upon the individual requirements of the 
engine and upon the installation. Certain features of engine 
operation iwith oxygen boost, hc-wever, are probably universally 
applicable and yrtll be outlined briefly in this section, 

Charging efficiency, ~ It ivas shcOTi in figure 1? that the 
air consuinption decreased decidedly ps more oxygen -was added. 
For the tests reported herein, the additive oxygen was raised 
to tte same temperatiire as the inlet air, It is obvious that 
there is no point in heating the oxygen introduced into a serv- 
ice engine because in a service engine, if the oxygen were 
introd\iced cold rather than hot, the engine vrould induct more 
air. ffithout any increase in the amount of coolant, therefore, 
the permissible power would be higher because of the lower 
percentage of oxygen in the charge and the lower temperature of 
the air. Injection of liquid oxygen vrould further improve the 
charging efficiency but might cause icing difficulties. Esti- 
mates of the effects of oxygen addition on the cooling and on 
the total quantity of oxygen inducted are given in the appendix. 

Heating tendencies. " First, consideration of the conditions 
encountered during oxygen boosting leads directly to the con- 
clusicn that, because of the lack of inert gas to act as a 
thermal cushion, the combustion chamber and the parts of the 
engine in contact v/ith the flame must necessarily run hotter 
than they would with normal air boost. It would be expected, 
therefore, that operation -vvlth oxygen boost would be beset with 
preignition difficulties caused by local hot spots within the 
cylinder. Experience with the wide variety of engine condi- 
tions used during the tests has shown that the preignition 
danger is real if the oxygen addition is not properly handled. 
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If internal coolant is used, however, and the fuel flow is 
increased until the over- all fuel-oxygen ratio is of the same 
order as is normally used under take-off conditions, the 
engine will run very cool, Figures 8, 12, and 16 show this 
effect. The cooling effect is strikingly shown in figure 12. 
The temperature of the center of the cylinder head between 
the valves, within l/8 inch of the surface of the combustion 
chamber, was below the boiling point of water when the engine 
was davoloping an indicated mean effective pressure of 220 pounds 
per square inch. 

Engine- operating characteristics , - The most noticeable 
characteristic of operation with oxygen anrichment was the 
iinmediate "evening-up" and steadiness of operation as soon as 
a small quantity of additiva oxygen was introduced into the 
inlet air. The range of combustibility was evidently widened 
appreciably by increasing the oxygen content of the inlet air. 
As more and more oxygen was added, engine operation became 
increasingly rough or hard-hitting. ^ "rough operation" is 
meant not irregular operation but very regular operation with 
each explosion decidedly accented. Because the explosions 
were very hard and almost metallic in sound, determination of 
knock by ear was exceedingly difficult. Judged by the diagram 
from the magnetostriction knock indicator, the rate of pressure 
rise was high. No mechanical troubles traceable to the use of 
oxygen or coolant were encountered other than a somewhat exces- 
sive rate of wear of the top piston rings. 



DIFFICULTIES ANTICIPATED IN APPLICATION 

Distribution , ~ It is obvious that, inasmuch as an excess 
of oxygen will cause heavy hock and an excess of coolant will 
cause loss of power, the materials must be well distributed to 
the different cylinders; otherwise, some cylinders might be 
flooded and others might knock violently. 

Metering . - The additive materials must be properly metered 
if satisfactory operation is to be maintained. It is possible 
to construct apparatus so balanced that it will deliver coolant. 
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fuel, and oxygen in proper proportions to i&aintain critical- 
altitude power to, say, 10,000 feet highar than the critical 
altitude as limited, by the supercharger. 



Aircraft Engine Research. Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 
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APPENDIX 

ESmiATES ON EFFESCTS CF OXYGEN ADDITION TO IlttET AIR 

ON TOTAL QUANTITY CF OXYGEN INDUCTED 

In connection with tests on the supercharging of engines 
by means of oxygen additions, it is necessary to laiow the effect 
of the oxygen additions on the air quantity inducted to the 
engine. Computations that provide estimates on this effect 
are given in the following three steps: Cl)the temperature 
change of the inlet air is computed for various amounts of 
additive oxygen; (2) the density change of the inlet air at 
constant pressure is calculated by taking into account both 
the cooling effect of the oxygen as determined in step (l) 
and the displacement of air by the oxygeiij (3) the actual 
increase in oxygen inducted into the engine is calculated by 
taking into account the effects determined through steps (1) 
and (2). Throughout the calculations it i s considered that 
the total pressure and. the volume rate cf flow of the inlet- 
gas mixture remain constant. In the discussion, the air 
after oxygen addition but not including the added oxygen will 
be referred to as the "final" air; the air, when no oxygen 
is bein^ added, will be referred to as the "initial" air. 
The oxygen will be considered to b6 introduced into the air 
at the folloTiYing conditions; (a) as a gas at the same temper- 
ature as the inlet air; (b) as a gas at the boiling teirperature 
of the oxygen at atmospheric pressure, -297*^ F; and (c) as a 
liquid at the boiling temperature of oxygen. These three 
conditions represent the two probable extreme conditions, (a) 
and (c), and a possible intermediate condition (b). 

The temperature drop of the air will first be estimated 
for (c). Let 

Mg^ mass of final air 

mass of oxygen, exclusive of oxygen in the final air 

Tg^ initial temperature of air 

Tq initial temperature of oxygen 

T£ final temperature of air and oxygen 

Lq heat of vaporization of oxygen 
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c specific heat of oxygen at constmt pressure 
■ o 

C-, specific he^it of air at constant pressure 
then 

Ta - : ^'^^ 

For condition (b), the 
tion (1), Then, let 

= 212*^ F 



To = 


-297° F 








K = 


91.6 Btu 


per 


pound 




%~- 


0.22 Btn 


per 


pound 


Op 




0..2J+. dtn 


per 


pound 





Suhstitution of these values for the temperature drop in equa- 
tion (l) for conditions (b) and (c) gives the results shown ir 
fig'jre 19. The increase in oxygen concentration by Yieight 
percentage is the ratio of the "weight of the added oxygen to 
the Yfeight of the oxygen in the final air in percentage. 

The ne.xt step is the determination of the '.density changes 
of the air caused by the temperature changes and by the di.splaee- 
raent of the air by oxygen. 

let 

pQ partial oressure of oxygon, exclusive of oxygen in air 
Pg^ oartial pressure :>£ final air 

P^- density of initial air 

, . , . r ^- , ■ / mass of final air \ 
partial density of final air i ^olume of final gas mi>.-ture ] 

28.8 molecular v/eight of air 



Lp +• Cp \^a 

Ma + 
_ « % ^ T,) 



(1) 



factor is removed from equa- 



32.0 



molecular weight of oxygen 
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Then 



^0 a 



p , (2) 

^ 0.90 Mq 



since 



28.8 
32.0 



= 0.90 



or 



a 



P„ + P._ Mq 
° ^ 0.90 — + 1 



(3) 



The partial density of the final air inducted relative 
to the density of the initial air is proportional to the 
partial pressures and inversely proportional to the sbsolute 
temperatures. Therefore 

Pf + jj.60 3_ + U60 
— = 2 X = ^ X 

Pi Po + Pa ''^f + -^60 % Tf. + k60 

^ 0.90 — + 1 ^ 

Ma 

Pf 

The quantity — (the ordinate of fig, 20) is the density 

ratio of the final air to the initial air. Differences between 

the two densities, as previously stated, are caused by the tem- 
perature change from to Tf and by the displacement of 
the initial air by oxygen. Figure 20 is calculated by solving 
for the densities under the different conditions. The abscissa 
of figure 20 i s the percentage of the weight of added oxygen 
to the weight of oxygen in the final air. 

The final step is to determine the actual increase in 
oxygen inducted into the engine. The abscissa of figure 21 
is the ratio of the weight of added oxygen relative to the weight 
of inducted air without oxygen addition and the ordinate is the 
incaease in total oxygen intake by ?/eight percentage. The 
ordinate is made up of two factors: (l)the change (caused by 
cooling and consequent increased density and by displacement of 
the initial sir by additive oxygen and consequent decrease of 
the partial density of the air) in the amount of oxygen obtained 
from the sir; plus (2) the additive oxygen, corrected for 
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density changes in the same manner as the air. This per- 
centage increase in oxygen inducted is a measure of the po^ver 
increase to be expected. 

The use of figure 21 is illustrated by the follomng 
example: The air consumption of an engine is 6000 pounds per 
hour and it is desired to get a 66-percent increase in total 
oxygen inducted into the engine when liquid oxygen is used. 
The abscissa ccrresponding to a 66-percent increase of oxygen 
inducted, for liquid oxygen, is O.lU, The required rate of 
added liquid, oxygen is then O.lli. x 6000 or 8Ij.O pounds per hour. 
For the same total oxygen rate, 0,188 x 6000 or 1128 pounds per 
hour of additive gaseous oxygen at 212° F would he required. 

An example will novr be -worked out to shoTw how the curves 
of figures 19, 20, and 21 ?rere obtained. With cxygen added 
as a liquid at -297° '^f equation (l)reduces to 

,^.,^.Me/ 203.6 



M„ ^ Mo 
^ '0.2U + 0,22 — / 



Assme that Mo/Ma = 0,20, Then " = lU3.5° ?• 

The percentage increase in oxygtn is ^ x 100=' 86,2, 

0.232 

One point for the upper curve of figure 19 is thus located 
with the abscissa at 86.2 and the ordinate at lli.^,'^. If the 
example is now carried to figure 20, then 



1 . 1 1 \ (si}^ = ( I ^ (m\ - 1.08 

p. Mo 1 



Mo + ii60; Vo.90 X 0.20 + 1/ \^29; 



One point for the upper curve of figure 20 is then located with 
the abscissa at. 86.2 snd the ordinate at 1,08. 

Jt is next desired to carry the example to figure 21. 
The abscissa of figure 21 is the value of M-/4,1g^ multiplied 
by the correction factor 1.08, or 0,20 x 1.08 = 0,216. This 
value is the -"reight of oxygen relative to the air mass that 
vTOuld have been taken in without the oxygen addition. The 
ordinate is the increase in the oxygon obtain-d from the air 
plus the added oxygen on a percentage bfsis, or: 
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(1.08 - 1) 100 + (|*-|^) - 3 + 95 - 101 percent 

The data indicate that tile cooling cffoct resulting from 
introducing the oxygen either 'is " liquid or as a gas at the 

boiling temDorature is apprscisble and results in a consider- 
able- increase in the total oxygen content inducted into the 
engin--^'. For this reason the cooling effect of the oxygen 
should be used is far as possible bscause by so doing the power 
for a given weight of oxygen inducted is further increased. 



REFERENCES 

1. Kuhring, M. S.; Water and "•atar-Alcohol Injection in a 

Supercharged Jaguar Aircraft Engine. Canadian Jour. 
Res., sec. A, vol. l6, Aug. 1938^ pp. 1)49-176. 

2. Heron, S. D. , and Beatty, Harold A.: Aircraft Fuels. 

Jour. Aero, i^ci., vol. $, no. 12, Oct. 1938, pp. h6yk79. 

3. Hives., E. W., and Smith, F. LI.; High-Output Aircraft 

Engines. SAE Jour., vol. U6, no. J, March 1?U0, 
ppl 106-117. 

k. Rothrockj Addison M., Krsek, Alois, Jr., and Jones, 

Anthony W»; SuOT&ary .•R«port on the Induction of Water 
to the-Inl3t Air as a Means of Internal Cooling in 
Aircraft Engine Cylinders, NACA ARE, Aug. 19U2, 



NACA ACR No. EHD29 

.06 .07 '(^ 



Fig. 




....1... 

.05 .06 .07 .06 .09 .10 .11 .12 .13 .Ik .15 

Equivalent fuel-alr ratio 
Figure 1. - Engine i>erfon»anoe obtainable with various oxygen ooneentratiens in nitrogen 
using 50 percent as muoh ammonium hydroxide as fuel. Wight 1820 0200 cylinder; oofflpresslon 
ratio, 7.0; engine speed, 2000 rpn; spark advance, 20^ B.T.C.; inlet-air temperature, 250° F 
cooling-air pressure dr^ aeross omrling, 20 inches of water; cooling-air upstream tem- 
perature, 110° t; fuel, 8-2. 
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Fuel-oxTgen ratio 

Figure 3. - Reproduction of critical -altitude performance at manifold pressure corresponaing 
to 10,000 feet above critical altitude with ammonium hydroxide as internal coolant. Wright 
1820 3200 cylinder; caapresslon ratio, 7.0; engine speed, 2500 rpa; spark advance, 20** 
B.T.C.; inlet— air t&iperature, 250® F; ooollng-alr pressure drop across cowling, 10 inches 
of water; cooling— air upstream t&iperature, 125 T; fuel. Amy 100-octane aviation g&tolXnt , 
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Fuel-oxygen ratio 

Figure Jt. - Reproduction of crltloal-altltude performance at manifold pressure corresponding to 
10,000 feet above critical altitude with 70 percent methyl alcohol and 30 percent water as 
Internal coolant. Vrlj^t 1820 &200 cylinder; compression ratio, 7.0: engine speed, 2500 nw 
spark advanoe, 20'' B.T.C.; Inlet-alr t»perature, 250" F; eoollng-alr pressure drop across 
ewllngj 10 Inches of water; eoollng-alr upstreaa teaperature, 1250 r; fuel. Amr lOO-ootane 
aviation gasoline. , ■' ^ 
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Fuel-oxygen ratio 

Figure 5. - Engine performance with oxygen boost In eonjunetlon with different Internal 
coolants. Wright 1820 S200 cylinder; coa^jresslon ratio, 7.0; engine speed, 2500 rpm, 
spark ad'irance, 20° B.T.C,} inlet-air ten^erature, 250** F} eoollng-alr pressure drop aeross 
cowling, 10 Inches of wat»r; oeoltBg-air upstream ten^rature, f; fuel. Army 
100-oetane aviation gasoline. 



HACA ACR NO. E4029 



Fig. < 




Puel-oxygen ratio 

Figure 6. - lodioate^. speelfie liqvld conaunptlon and Indicated specific total oxygen con- 
sumption fc* oxygen boost In conjunction with different internal coolants. Mri^t 1320 0200 
cylinder; Aominressloo ratio, 7.0i engine speed, 2500 rpei; spark sjdvance, 20* B.T.C.t' 
inlet-air temperature, 250* F; ooollng-air pressure 4pop across -cowling, 10 ln<dies of water: 
cooling-air upstream temperature, 125'' P; fuel; Army 100-octane ariation gasoline. 
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Maxlnwm pemtsslMe imep. Ib/sq In. 

Figure 8. - Engine temperatures at maximum permissible performance with oxygen boost in 
oonjunotlJ?n with different Internal ooolsmte. Wright 1820 0200 cylinder; compression 
ratio, 7.Q engine speed, 2500 rpo; spark advanoe, 20 B.T.O.; inlet-air temperature, 
250° F; oooling-air pressure &xap across oowllng, 10 Inches of water; ooollng-alr 
upstream temperature, 125 ^^^^r Army lOO-Ootane aviation gasoline. 
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Figure 8. " Concluded. 
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Fuel-oxygen ratio 

Figure 9. - Engine performance with, oxygen boost in con junction with different internal 
coolants. Wright 1S20 5200 cylinder; conpression ratio, 7.0; engine speed, 2500 rpra; 
spark advance, 80** RT.C ; inlet-air teaperature, 250** F; cooling-air pressure drop 
across cowling, 10 inches of water; cooling— air upstream t&iperature, 125 - fuel, 
fimy 100— octane aviation gasoline. 
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Fu«I-«KTgmi ratio 

Figure 10. " Indicated aoteitXc licjuid consmption with oxygen boost in conjunction with 
dlZflSferent Internal ooolwjte, Wright 1820 0200 cylinder; coapretslon ratio, 7.O; englM 
speed, 2500 rpa; spark advance, 20° B.T.C.; inlet-air tenperature, 2^0° F; cobling-air 

fresBure drop across cowling, 10 Inches of water; coollng-alr upstream tenperature. 
25° F; fuel. Army 100— octane aviation gasoline. 
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ISO 200 220 240 

Maxlnw pentlssllile laep, Ib/sq In. 
Figure 12. - Ek^lne taaq^raturBS at oaxlaua permissible perf oraanoe witb oxygen boost In eon- 
Junetlon with different Internal coolants. Wrl^t 1820 G200 Qfllnder; eoipresslon ratio, 
7.0; engine speed, 2500 ri»; sparic advanoe, SCfi B.T.C.; liaet-alr tevperature, 250" T; 
coollng-alr pressure drop across eovllng, 10 Inelies of Water; ooollng-«lr vpstreaa t«D- 
perature, 125'' ^ ; fuel, Anqr 100-oetane aviation gasoline. 



J 



WACA ACR No. mD29 Fig. 12 Concl. 




Maxinun pemilssible Imep, Ib/sq In. 



Figure 12, - Concluded. 



WACA ACR No. EH029 



FI9. I 




.5 .6 
Puel-oxygen ratio 

Figure 13« - Engine performaaoe with air boost and with oxygen boost in conjunction 

with yarip^ui amounts , of internal coolant. Internal coolant, 70 percent methyl alcohol,- 
50 percent water; Wright 1820 G200 cylinder; compression ratio, 7.O; engine speed, 
2500 rpm; spark advance, 20° B.T.C; inlet-air temperature, 250° P; cooling-a£r 
pressure drop aeross cowling, 10 inches of water; cooling-air upstream ten^erature, 
123<* F; fuel. Army lOO-octane aviation gasoline. 
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Puel-oxygen ratio 

Figure m^.- Indicated specific liquid consvuaptlon and Indicated specific total oxygen oon- 
Btimptlon with air boost and with oxygen boost In conjunction with various amounts of 
Internfil coolant. Internal coolant, 70 percent methyl alcohol, 30 percent water; Wright 
1820 0200 cylinder; compression ratio, 7.0; engine speed, 2500 rpm; spark advance, 
20^ B.T.C, ; Inlet-alr temperature, 250° P; coollng-^alr pressure drop across cowling, 10 
Inches of water; coollng-alr upstream temperature, 125° ^; fuel, Army 100-ootane aviation 
gasoline . 
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Fig. H 




Figure 16. " Engine temperatures at maximum permissible performance with air boost and with 
oxygen boost in conjunction with various amounts of internal coolant. Internal coolant, 
70 percent methyl alcohol, J>0 percent water; Wright 1820 0£00 cylinder; compression 
ratio, J.O; engine speed, 2500 rpm; spark advance, 20* B.T.C.; inlet- air temperature , 
250° F; cooling-air pressure drop across cowling, 10 inches of water; ooollng-alr 
upstream temperature, 125 fuel. Amy 100-octane aviation gasoline. 
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Figure 16. - Conduaed. 
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Fifl. 17 




Figure 17 • ~ Indicated specific air consuntption with air boost and 
with oxygen boost in conjunction with various eunounts of internal 
coolant. Internal coolant, JO percent methyl alcohol, 30 percent 
water. Wright 1820 G200 cylinder; compression ratio, 7.0; engine 
speed, 2500 rpm; spark advance, 20° B.T. C. ; inlet— air temperature, 
250° F; cooling— air pressure drop across cowling, 10 Inches of 
water; cooling— air upstream tenperature, 125° ^/ fuel. Army 
100— octane aviation gasoline. 
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